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Although it is not often encountered,
the stress corrosion cracking of low
caratage gold alloys occurs in certain
environments. This article reviews this
phenomenon, wha.t is known of its
mechanism, and thé ways in which it
may be avoided or prevented.
Stress corrosion cracking is the local rupture of a
metal or an alloy under the combined effects of corro-
sion and stress at levels well below those at which
they would cause failure, were they acting
independently. The phenomenon is accompanied by
little evidence of corrosion products or elongation of
the alloy and, as such, may leem to be spontaneous (1).
Liquid metal embrittlement of pure metals has also
been reported, but is generally considered to be a
special case, as stress corrosion is observed in alloys
rather than pure metals (2).
Stress corrosion has been the, subject of much
research, more usually with the intention of assessing
the suitability of an alloy for a particular purpose,
rather than to understand the detailed mechanism by
which the phenomenon occurs. A very common
incentive for such research when applied to
gold-containing alloys has been the development of
alternatives to the range of existing alloys which
would be cheaper and yet have relatively low suscepti-
bility to stress corrosion cracking. The main outcome
of this research has, however, been an increase in the
number of alloy/environment combinations known to
be subject to stress corrosion cracking, rather than the
development of a wide range of resistant alloys.
Phenomenology of Stress Corrosion
Cracking
Stress corrosion is generally considered to occur in
two stages, crack initiation and crack propagation.
Crack initiation in alloys is believed to involve the
rupture of a protective surface film, combined with
an electrochemical reaction (3). In the case of alloys
which contain both noble and base metals, protective
surface films can arise not only by reaction between
base metal constituents of the alloy and its environ-
ment but also from the presence of a noble metal at
the exposed surfaces of the alloy.
When considering the propagation step, problems
are experienced in relating electrochemical reactions
which take place under normal conditions to those in
the localized crack environment. At the crack tip, new
metal surface is repeatedly created by propagation
and the procesces occurring will be strongly depen-
dent on variables such as the metal species exposed,
oxygen and ion concentrations, crystallography and
stress levels. Freshly exposed metal surfaces are
believed to have high reactivity and at the tip of a
crack, reactions may progress at rates that are orders
of magnitude greater than those observed under
equilibrium conditions.
The rate of passivation of freshly exposed metal is
an important factor for both the initiation and pro-
pagation steps. When the deformation rate is high,
passivation of the `new' surface created by straining is
generally too slow to prevent corrosion, and cracking
will be initiated. Indeed, several investigations have
established that a minimum strain rate exists, below
which cracking is not observed (4). Conversely, it has
also been suggested that when passivation is faster
than the formation of exposed metal by cracking, the
cracks cannot propagate and stress corrosion is not
observed. These concepts are the basis of a
mechanism proposed by Scully (5), in which the main
electrochemical requirement for stress corrosion
cracking to take place is a delay in the repassivation
time. During this delay, a contact potential is set up
along the crack and a current flows. If the strain rate
at the crack tip is high enough, the rate of repassiva-
tion is too low to stop the current and ultimately the
failure process.
As stress corrosion is a heterogeneous reaction,
adsorption is a necessary part of the mechanism. It is
often suggested that during the formation of an ad-
sorption bond, the electron distribution in the metal
lattice is altered and bond weakening results. If this
weakening is significant, the strength of the metal-
metal bonds may be exceeded by the tensile com-
ponent of the stress which is concentrated at a crack
tip and bond breaking will occur. Propagation of the
crack is by a series of semi-continuous fracture steps.
This is described as stress-sorption (2,6).
The site of stress corrosion initiation depends on
the localized distribution of the stress and on that of
adsorbed species. High energy sites will be adsorbed
upon preferentially. Such sites are the intersections of
the surface with gram boundaries and with disloca-
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tions and atomic-scale steps emerging at the surface.
The presence of faults in a material is also known to
enhance the diffusion rate of alloy components (7,8)
which, in turn, increases the rate at which chemically
reactive paths are formed within the bulk.
Swann and Pickering (9) found that cracks in cop-
per/5 per cent gold alloy did not necessarily nucleate
at accumulations of static dislocations; segregation of
solute atoms was a necessary accompanying process.
As adsorption takes a finite time, the defect site must
remain on the metal surface for a minimum time. It
has been observed experimentally that defect migra-
tion before adsorption takes place more readily in
pure metals than in alloys and, in consequence, cracks
are more difficult to initiate and propagate in the
former. The same authors have also suggested that an
observed network of tubular corrosion pits forming
along preferred paths such as active slip planes
could account for the cracking by ductile fracture of
the walls of numerous pits. Similar proposals were
made by Robertson and Bakish (10) and by Bakish
(11) after a study of the copper-gold system.
Discussion
In a typical galvanic series gold appears as the most
noble metal, being situated above stainless steel and
titanium (8). Relatively little has been published on
stress corrosion in gold alloys, a fact which may be at-
tributed partly to the commercial significance of such
information and partly to the relative immunity from
such corrosion of noble metal alloys as compared with
alloys of other types.
Stress corrosion of gold jewellery is only an occa-
sional problem, as articles are not normally exposed
to corrosive conditions. Specific incidents have,
however, been reported, as for example in a recent
American court case (12). The judge decided that
evidence presented on the behaviour of rings when
exposed to chlorine indicated that misuse by the
customer, who regularly came into contact with
chlorine and mercury, was responsible for the subse-
quent failure by stress corrosion. The jeweller had, at
the request of the customer, attempted to reduce the
size of the ring and 'shattered it into a thousand
pieces'.
Stress corrosion of industrial gold alloys is also rare
and has not been the subject of many research in-
vestigations. Speidel (13) reports in this issue of Gold
Bulletin on the fatigue behaviour of the gold/5 per
cent nickel by weight alloy, with particular attention
to environmental factors and their influence on crack
growth rates, which he measured quantitatively. One
interesting observation made by Speidel is the
minimum in fatigue crack growth rate at specific elec-
trode potentials, but no explanation is offered for this
phenomenon.
Composition Effects
The susceptibility to stress corrosion of an alloy is
strongly dependent on its gold content (3,14 to 22).
Experimental data and practical observations have
shown that stress corrosion cracking is usually con-
fined to alloys of caratage equal to or less than 14.
For the purpose of research on this phenomenon it is
appropriate to express the gold contents of alloys in
terms of atomic percentages. Thus, 9 carat alloys con-
tamn about 18 atomic per cent, and 14 carat alloys
often less than 30 atomic per cent gold. In each
caratage, the percentages vary according to the atomic
weights and the proportions of the non-gold com-
ponents present in the alloys.
Much of the published work on the stress corrosion
cracking gold alloys is that of Graf and his co-workers
and results were obtained using binary gold alloys.
For example, Graf (15) found that the susceptibility
of such alloys actually increases as the gold contents
increase from 5 to between 15 or 20 atomic per cent,
in which range maximum susceptibility is observed.
The precise gold content at which the maximum
susceptibility occurred depended on both the cor-
rosive media and the stress applied to the alloy. When
gold-copper alloys were exposed to a mixture of am-
monia, water and oxygen the maximum susceptibility
occurred at a gold content of about 15 atomic per
cent. In the presence of hydrochloric acid the latter
figure was about 20 atomic per cent and in the
presence of 2 per cent ferric chloride it was about 24
atomic per cent gold. Graf also observed that as the
gold content was increased above that at which the
susceptibility to stress corrosion cracking was a
maximum, the susceptibility dropped rapidly and the
alloy appeared to become virtually immune. In other
work (3), this author reported that ultimately the
susceptibility dropped to a constant low value at
higher gold contents, an effect he attributed to strong
general surface attack. He also observed that when the
stress was increased, not only did the susceptibility to
stress corrosion cracking increase but its maximum
was shifted towards higher gold contents.
Some examples of noble metal ionization have been
reported and it has also been suggested that noble
metals are transiently ionized (14). However, when
examining stress corrosion in commercial gold alloys,
the role of the other components of the alloy must be
considered. These can be precious metals, as in some
brazing alloys, but more usually the major proportion
of the alloy consists of base metals, which are added
both to reduce cost and to improve physical proper-
ties. Base metals common in gold alloys include
nickel, copper and zinc, all of which can be ionized
under normal atmospheric conditions. In general it
is the base metals which chemically react during
stress corrosion.
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Intergranular stress corrosion in a 9 carat gold alloy after
exposure under a tensile stress of 120 MPa to 2 M
hydrochloric acid solution at room teinperature x 380
Segregation Effects
The distribution of the reactive components in an
alloy is of equal if not greater importante than its
overall composition. For example, many low carat
alloys are heterogeneous and the phases have different
levels of chemical reactivity, as discussed by Graf
(23). Similarly if the chemically reactive components
of an alloy segregate to grain boundaries and the
material is stressed, it can be expected that the stress
corrosion will be intergranular. Conversely, the same
alloy in a different physical state may offer a different
reactive path.
There are well established thermodynamic reasons
why the grain boundaries and the surface of an alloy
should have compositions which differ from that of
the bulk. For example, segregation of one component
of the alloy at the surface will occur if that component
has a lower value of surface free energy. Grain boun-
dary thickness and composition will also be governed
by the need to minimize free energy. Hondros (24)
suggested that grain boundary segregation may be
assumed to be dependent on the orientation of the
boundary, in a manner similar to anisotropic surface
adsorption at a solid/gas interface. Segregation is
preferentially at boundaries with higher free energies,
thus ensuring that the reduction in total free energy is
a maximum.
In alloy systems which display high grain boundary
activity, segregation at grain boundaries can lead to
changes in the matrix composition. Where the grain
boundary area is large, or the grain size is small, ad-
sorption at the grain boundaries will deplete the bulk
of one component; conversely for large grains and
small total grain boundary areas, the grain boundary
may be saturated with segregant before the composi-
tion of the bulk is significantly affected. Such systems
with high grain boundary activity exist when the solid
solubility of one component is low. This effect is not
restricted to alloy components and may also occur
with impurity atoms. It could be partly responsible
for an increase in susceptibility to intergranular stress
corrosion cracking of certain alloys as their grain size
is increased.
Segregation of one component to grain boundaries
and surfaces has been extensively studied in recent
years as a result of the availability of techniques for
analysis of surfaces at atomic level. This has mostly
been motivated by an interest in observed detrimental
changes in mechanical properties, as in the embrittle-
ment of steel (25,26). The use of fine surface
analytical techniques such as Auger electron spec-
troscopy (27) is generally necessary as the composi-
tion changes occur over a few atomic layers in the
narrow region close to the grain boundary. A full
investigation of grain boundary segregation requires a
knowledge of how the segregant species are
distributed across the boundary and whether and to
what extent segregation depends on grain boundary
configuration.
Enrichment of the gas/ or liquid/solid interface in
one component has been studied mainly as a result of
interest in its effect on surface tension, surface energy
and catalytic activity (28). However, as this is relevant
to the prediction and control of the initiation stage of
stress corrosion cracking, the subject is briefly out-
lined here. The topic has been reviewed with em-
phasis on gold alloys by Bouwman (29). Other.work
has been published oin gold-silver alloys (30,31,32),
but most investigations have been on alloys which do
not contain gold, for example copper-nickel (33),
iron-zirconium (34), silver-palladium (35) and
platinum-iridium (36). In the absence of suitable
analytical techniques, the general principles derived
from these studies can be applied to alloy systems
which have not yet been investigated.
Several theories have been put forward. The
simplest model predicts that the component with the
lowest sublimation energy will segregate to the sur-
face. A second closely related model is based on the
regular solution model of an alloy and relates heat of
segregation to the bond strength of the elements and
the number of broken bonds per atom in-the surface









predicts the qualitative behaviour of simple alloys
such as platinum/5 gold atomic per cent (37) but has
not been applicable to more complex alloys. A third
model for surface segregation in dilute alloys is based
on strain energy due to component size mismatch.
The driving force for segregation is the reliefoflattice
strain when atoms of a size unlike that of those of the
matrix are moved from the bulk to the surface (34).
If segregation of an alloy component is indicated
qualitatively, the main contributing factors in a stress
corrosion failure can be identified. This method has
been used in an investigation of the stress corrosion
susceptibility of a 9 carat gold alloy (38). The non-
gold components of the alloy were silver, copper and
zinc; when elements were added that were expected to
have lower chemical reactivity than these metals and
to segregate to the surface of the alloy, stress corro-
sion susceptibility dropped compared to the parent
alloy. Similarly, another investigation (38) showed
that one method of producing a 9 carat alloy resulted
in high segregation levels of copper and zinc at the
grain boundaries. The alloy produced was unusually
susceptible to stress corrosion cracking. An alter-
native production route, however, gave a product in
which silver had segregated to graín boundaries.
Manufactured in this way, the alloy was stress
corrosion-resistant, and under severe laboratory
testing conditions its lifetime was several orders of
magnitude greater. This improvement was achieved
without change in the overall composition or visual
appearance of the alloy.
Adsorption Effects
A major obstacle to the understanding of the sur-
face excess concentration of certain components in
alloys arises from the effects of species adsorbed from
the gas or liquid phase. Adsorption can cause large
changes in the composition of the outermost layer of
the alloy, compared with the clean surface (29). This
effect, however, can be a useful method of qualitati-
vely predicting surface composition, if the adsorbed
species is identified, and can therefore be valuable in
the investigation of the initiation of a stress corrosion
failure.
One system which has been examined and found to
be affected by chemisorption is that of gold and nickel
(39,40). In this system, the components differ in
atomic size and in their susceptibility to reaction with
their surroundings. While the gold atoms are large
and relatively inert, the nickel atoms are smaller and
more reactive and have been observed to segregate to
the surface to an increased extent when oxygen,
hydrogen or sulphur have chemisorbed. Over most
composition ranges the surface concentration of gold
is consequently reduced compared with the clean
alloy surface. However, prediction of effects of this
This, plot of the effect of ekcessive piekling in 15 per
cent by volume sulphuric acid on the :susceptibility
of a 9 carat gold alloy to stress corrosion, when
subsequently exposed under a tensile stress of 220
MPa to concentrated hydrochtorie acid,
Illustr tes the necessity of carefully controlled
processing conditions to avoid the phenomenon
type, especially in the case of multi-component alloys,
cannot yet be made with confidence.
Predictions of surface compositions can be made
with greater confidence if the most reactive compo-
nent in the alloy is also that which has the lowest
sublimation energy and is of a size that differs from
the remaining components. One example of this is
zinc, a common constituent of gold alloys. It has been
observed experimentally that zinc significantly
enhances the susceptibility of ternary (8) and quater-
nary (38) gold alloys to stress corrosion cracking.
Before an alloy is used for a new critical applica-
tion, an estimate is needed of its possible susceptibili-
ty to stress corrosion cracking. As there are so many
factors which contribute to this phenomenon, it is dif-
ficult to isolate any specific one in an experimental in-
vestigation. For this reason, tests have to be designed
very carefully, particularly when a possible failure in
use could have dangerous consequences or be very
costly. Although the development of standard tests
for stress corrosion behaviour is desirable, it is ad-
visable for testing to be done under service conditions
whenever possible. Surface composition and segrega-
tion in the bulk can affect the behaviour of an alloy
and test samples must be prepared from the material
in its final processing state. Particular care must be
given to final annealing because both the atmosphere
and cooling rate have a strong influence on the inter•
facial composition of test samples and therefore upon
their susceptibility to stress corrosion cracking.
Prevention of Stress Corrosion Cracking
If stress corrosion is found to be a problem in any
particular application of a gold alloy it is necessary to
consider its method of production, and the conditions
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under which it is stored and used. Gold alloys, par-
ticularly those of lower caratage, have been found to
be susceptible to the effects of poor housekeeping (8).
Examples of this include the failure of alloys which
have been pickled excessively (see graph) or stored in
corrosive atmospheres. Standards must be kept con-
sistently high; the benefits in terms of reduced
susceptibility have been shown to be adequate com-
pensation for increased production costs.
However, if stress corrosion is still found in an
alloy, perhaps due to the aggressive conditions of ser-
vice, the easiest method of eliminating the problem is
to use a more noble composition. Generally, a higher
gold content is suggested (1,8). An alternative is to in-
crease the content of another noble metal constituent,
and thereby decrease the content of the most reactive
component. For example, larger quantities of silver
may be added to gold alloys. The activity of zinc has
been discussed (8), but the value of 15 per cent zinc,
quoted as that below which the susceptibility to stress
corrosion cracking decreases rapidly, is unlikely to
hold for many alloys. The complexity of most gold
alloys, particularly those intended for use in
jewellery, means that composition changes of this
type must be largely based on practical experience
and extensive testing.
A change in composition is often not possible either
on economie grounds, or as a result of changes in pro-
perties such as colour of carat gold jewellery alloys. It
is then necessary to consider the effect of a change in
physical state. Annealing or.stress-rèlieving are often
simple, effective and essential means of reducing the
likelihood of stress corrosion. If precise monitoring of
annealing conditions is possible, surface composition
and segregation in the bulk of the alloy can be con-
trolled to give an alloy of minimum susceptibility.
This method is particularly attractive for jewellery
manufacture where alloy compositional changes are
often unacceptable. An example of stress-relieving as
a method of reducing the incidence of stress corrosion
cracking is given by the treatment of low carat
jewellery rings. These are sometimes observed to fail,
the cracking being initiated by hallmarking. A full an-
neal after hallmarking would result in a ring too easily
damaged, so that a stress-relieving treatment can be a
suitable compromise.
Conclusion
The factors controlling stress corrosion cracking
have been discussed and their relevance to the
phenomenon occurring in gold-containing alloys has
been assessed. Although these are more resistant than
most other alloys, it has to be recognized that under
certain conditions gold alloys of less than 14 carat can
be susceptible to stress corrosion cracking during
manufacture or storage. By ensuring that good
housekeeping principles are adhered to, this suscep-
tibility can be reduced to an absolute minimum.
Research is continuing on ways of further lowering
this susceptibility. Progress will be based on a
more complete understanding of the factors likely to
cause stress corrosion cracking.
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